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Magnetic ﬁeld effects on the conductivity of different types of organic devices: undoped and dye
doped aluminium (III) 8-hydroxyquinoline (Alq3)-based organic light emitting diodes (OLEDs), electron-
only Alq3-based diodes, and a hole-only N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4′-diamineccepted 11 November 2009
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(-NPD)-based diode were studied at room temperature. Only negative magnetoresistance (MR) was
observed for the Alq3-based devices. The addition of a rubrene dye in Alq3-based OLEDs quenches the
MR by a factor of 5. The-NPD hole-only device showed only positive MR. Our results are discussed with
respect to the actual models for MR in organic semiconductors. Our results are in good agreement with
the bipolaron model.
© 2009 Elsevier B.V. All rights reserved.agnetoresistance
ipolaron model
. Introduction
The discovery of magnetic ﬁeld effects (MFEs) in organic
emiconductors can be attributed to Frankevich and co-workers
ith their pioneering works in the 60’s [1–4]. However, only
ecently MFEs in organic semiconductors have attracted the
nterest of different research groups. MFEs in aluminium (III) 8-
ydroxyquinoline (Alq3)-based devices were studied by different
roups [5–9]. Nevertheless previous works were focused in bipolar
evices. Various models to explain these effects have been pro-
osed [10–12], which are still under debate. The present discussion
n MFEs in organic semiconductors is focused between excitonic
ikemodels [10,11] and bipolaronmodel [12]. The excitonicmodels
ropose thatMFEs are producedby changes in the intersystemcon-
ersion rates [10] or by trapping of charge carriers at triplets [11].
he bipolaron model [12] proposes hopping of polarons and bipo-
aron formation under the existence of magnetic ﬁelds. Thus one
undamental difference between these models is that one should
ot expect any MFE in a purely unipolar device.
In this work, MFEs on the conductivity of different bipolar and
nipolar Alq3-based devices are presented. A doping molecule,
ubrene, is used inside the Alq3 layer to change the nature of the
xcitons formed during bipolar injection.
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Fig. 1 shows the structure of the different devices used.
Fig. 1(a) shows the conventional Alq3-based OLED: ITO (O2)/CuPc
(12nm)/-NPD (40nm)/Alq3 (60nm)/LiF (0.8nm)/Al, where ITO
denotes indium tin oxide, CuPc copper phthalocyanine and -NPD
N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4′-diamine.
Fig. 1(b) shows the rubrene dye doped Alq3-based OLED: ITO
(O2)/CuPc (12nm)/-NPD (40nm)/Alq3: rubrene (20nm)/Alq3
(40nm)/LiF (0.8nm)/Al. Fig. 1(c) shows the electron-only device,
designed to optimize electron injection: Al/Alq3 (150nm)/Al; and
Fig. 1(d) shows the hole-only device, designed to optimize hole
injection: ITO (O2)/-NPD (150nm)/Ag. In this study we investi-
gated a total of three conventional Alq3-based OLED, two rubrene
dye doped Alq3-based OLED, one electron-only and one hole-only
device. Details of device preparation are described elsewhere [13].
Despite the small number of devices studied, the observed MFEs
were reproducible in each device.
MFEs were detected at room temperature using an especially
designed computer controlled setup. The devices were mounted
between the poles of a Varian electromagnet, and the changes in
the current were detected by a Keithley 2410-C Source-Meter. The
measurements were made using magnetic ﬁelds in the range of
1mT to 1T, and applied voltages up to 8V. All conductivity changes
were detected as a function of time under the application of differ-
ent pulsed magnetic ﬁelds. The rise and fall time of the magnetic
ﬁeld changes took typically 8 s. During these transient times no
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oig. 1. Schematic representation of the different types of devices studied: (a)
onventional Alq3-based OLED, (b) rubrene doped Alq3-based OLED, (c) an Alq3
lectron-only device, and (d) an -NPD hole-only device.
easurements were taken. The magnetic ﬁeld after stabilization
askeptonoroff for30 s. Itwas found that theMFEsdidnotdepend
n the angle between the device and the magnetic ﬁeld. All mea-
ures were carried out with the magnetic ﬁeld perpendicular to the
evice substrate.
. Results and discussion
Fig. 2 shows the MFEs on the resistance of a conventional OLED.
t can be seen that the resistance decreases as the magnetic ﬁeld is
pplied. Similar results were observed when magnetic ﬁelds up to
Twere applied.MFEsweredetected formagneticﬁeldhigher than
mTandvoltages over 3V.Only negativeMRwas observed in these
evices, where MR stands for R/R= (R(H)−R(0))/R(0); where R is
he device resistance. Fig. 3 shows the MR curves for undoped and
ubrene dye doped OLED. Here it can be seen that the MR tends to
aturate for appliedvoltageover4V for theundopedOLED, andover
V for the doped OLED. For the undoped OLEDs, the MR reaches up
o 2.2% at ﬁelds of 100mT, and 3.1% maximum. In the case of the
oped OLEDs the MR reaches up to 0.4% at ﬁelds of 100mT, and
.8% maximum. For both undoped and doped OLEDs, the MFEs are
ig. 2. Resistance of the conventional Alq3-based OLED as a function of time under
he application of different magnetic ﬁelds. The intensity of the magnetic ﬁelds is
n the right axis.Fig. 3. Magnetoresistance curves of theundoped and rubrenedyedopedAlq3-based
OLED.
observable only when EL started, around an applied bias between
2.5 and 3V.
Fig. 4 shows the MR curves for electron-only and hole-only
devices. Differently from the OLEDs, hole-only device has positive
MR. The MR are small in these devices, MR∼0.03% for the hole-
only device and 0.08% for electron-only at ﬁelds over 100mT. A ﬁt
made using the empirical law MR = R/R ∝ H2/(H2 + H20), where
H denotes the applied magnetic ﬁeld and H0 denotes the quarter-
saturation ﬁeld without full success. For low magnetic ﬁelds in
unipolar devices, MR is not proportional to H2, while for the OLEDs
this trend is observed. We ﬁt also (curves not shown) the empirical
“non-Lorentzian” equation MR = R/R ∝ H2/(
∣
∣H
∣
∣ + H0)
2
in Ref. [9]
whichdonotﬁtswell. Though that theseempirical lawscouldﬁt the
results in bipolar devices, with H0 ≈5mT [9], the carrier mobility
found using  is ≈1/H0 were meaningless.
The observed MFEs in the conductivity of unipolar devices
reported in this work shows that this phenomenon is not in prin-
ciple related to the exciton formation since only a single carrier is
present in these devices, and thus excitonic likes models [10,11]
cannot be applied to explain the MFEs of our unipolar devices. The
bipolaron model [12] is based on unipolar charge transport and
relies on the bipolaron formation in the presence of an external
magnetic ﬁeld during the hopping transport through the organic
semiconductors. Thebipolaronmechanismshows that positive and
negative MFEs on the conductivity can occur, since the MF induced
change in polaron population as a function of V. Thus, the model
identiﬁes two competing effects contributing to the MR: (i) at low
Fig. 4. Magnetoresistance curves of the unipolar devices. The solid curves ﬁts using
MR = R/R ∝ H2/(H2 + H20 ).
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, MF can block the transport (positive MR), since that the num-
er of polarons is small for high offset energies (U–V) between
he intrasite Coulomb repulsion energy U and V, and thus a low
ncrease in the bipolaron formation is promoted; and (ii) for high V,
F can increase the transport (negative MR), since that the offset
nergy (U–V) is reduced, leading to an increase in polaron pop-
lation at the expense of enhances of bipolaron formation with
ncrease of the magnetic ﬁeld [12]. This is not in a ﬁrst analysis
hat we observe. For hole-only devices the MR is always positive
nd for electron-onlydevices theopposite is observed. According to
his model, this could indicate that the intrasite Coulomb repulsion
nergy U is different for positively charged bipolarons with respect
o negatively charged bipolarons. Thus, in the hole-only device U
hould be higher than in electron-only devices, meaning that prob-
bly we have not reached V high enough to see the transition from
ositive to negative MR in the hole-only device. Our ﬁndings in
he electron-only device are in good agreement with the results
y Nguyen et al. [14]. In the case of hole-only devices Wang et al.
15] performed similar measurements in MEH-PPV based devices.
hey observed both positive and negative MR. A positive MR was
bserved to change from positive to negative when the magnetic
eld is increased. The transition occurred at approximately 60mT.
his may indicate that the U for positively charged bipolarons is
ifferent in MEH-PPV with respect to -NPD.
In the case of OLEDs our ﬁndings are in good agreementwith the
revious results found in the literature [6,7,9]. Notice however, that
ositive MR is also observed in similar devices [16]. The addition of
ubrene decreases MR by a factor 5, but does not induce any signal
hange in the MR. In the bipolaron model one possible explanation
s that rubrene is changing the balance of bipolarons/polaron pop-
lation. Rubrene acts as a hole trap in Alq3-based OLEDs [17,18].
n this way, one can suppose that it would affect mainly the posi-
ively charged bipolarons. A decrease in the MR may indicate that
ubrene has a higher U than Alq3, and thus decrease the population
f positively charged bipolarons quenching the MFE. In Alq3-based
LEDs, positively charged polarons, should dominate the MFEs in
he conductivity [14].. Conclusion
We have presented MFEs results of undoped and dye doped
LEDs and unipolar organic-based devices at room tempera-
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ture. Only negative MR was observed for the Alq3-based devices.
Rubrene dye addition in Alq3-based OLEDs quenches the MR of
Alq3-based OLEDs. Unipolar devices showed a very small MR and
the sign of the MR of Alq3 electron-only and -NPD hole-only
devices are opposite. Our results are in good agreement with the
bipolaron model. According to this model, we ﬁnd that U in the
HOMO states of-NPD is higher than in the LUMO of Alq3, and that
the U in rubrene HOMO states is higher than in Alq3. Our results
indicate that in our OLEDs the HOMO states bipolarons should
dominate the MFEs in the conductivity.
Acknowledgments
This research was sponsored by the following agencies: FAPESP,
CLAF/CNPq, CAPES and IMMP/MCT.
References
[1] E.L. Frankevich, E.L. Balabanov, JETP Lett. 1 (1965) 33 (transl. 1 (1965) 169).
[2] E.L. Frankevich, JETP Lett. 23 (1966) 814.
[3] E.L. Frankevich, E.L. Balabanov, Sov. Phys. Solid State 8 (1966) 682.
[4] E.L. Frankevich, E.L. Balabanov, G.V. Vselyubskaya, Sov. Phys. Solid State 8
(1966) 1567.
[5] J. Kalinowski, J. Szmytkowski, W. Stampor, Chem. Phys. Lett. 378 (2003) 380.
[6] J. Kalinowski, M. Cocchi, D. Virgili, P. Di Marco, V. Fattori, Chem. Phys. Lett. 380
(2003) 710.
[7] A.H. Davis, K. Bussmann, J. Vac. Sci. Technol. A 22 (2004) 1885.
[8] T.L. Francis, Ö. Mermer, G. Veeraraghavan, M. Wohlgenannt, New J. Phys. 6
(2004) 185.
[9] Ö. Mermer, G. Veeraraghavan, T.L. Francis, Y. Sheng, T.D. Nguyen, M. Wohlge-
nannt, A. Köhler, M.K. Al-Suti, M.S. Khan, Phys. Rev. B 72 (2005) 205202.
10] V. Prigodin, J. Bergenson, D. Lincoln, A. Epstein, Synth. Met. 156 (2006) 757.
11] P. Desai, P. Shakya, T. Kreouzis, W.P. Gillin, N.A. Morley, M.R.J. Gibbs, Phys. Rev.
B 75 (2007) 094423.
12] P.A. Bobbert, T.D. Nguyen, F.W.A. van Oost, B. Koopmans, M. Wohlgenannt,
Phys. Rev. Lett. 99 (2007) 216801.
13] C.F.O. Graeff, G. Silva, F. Nüesch, L. Zuppiroli, Eur. Phys. J. E 18 (2005) 21.
14] T.D. Nguyen, Y. Sheng, J. Rybicki, M. Wohlgenannt, Phys. Rev. B 77 (2008)
235209.18] J.A. Gómez, F.A. Castro, F. Nüesch, L. Zuppiroli, C.F.O. Graeff, Braz. J. Phys., sub-
mitted for publication.
